Control of aqueous dispersion is central in the processing and usage of nanoscale hydrophobic objects. However, selecting dispersive agents based on the size and form of the hydrophobic object and the role of coating morphology in dispersion efficiency remain important open questions. Here, the effect of the substrate and the dispersing molecule curvature, as well as, the influence of dispersant concentration on the adsorption morphology are examined by molecular simulations of graphene and carbon nanotube (CNT) substrates with phospholipids of varying curvature as the dispersing agents. Lipid spontaneous curvature is increased from close to zero (effectively cylindrical lipid) to highly positive (effectively conical lipid) by studying double tailed dipalmitoylphosphadidylcholine (DPPC) and single tailed lysophosphadidylcholine (LPC) which differ in the number of acyl chains but have identical head group.
Introduction
Nanomaterials have unique chemical, biological and physical properties compared to the same substances in bulk. In particular, carbon nanotubes (CNTs) possess excellent tensile strength, extraordinary thermal conductivity, and interesting electronic structure offering unique opportunities for a wide range of applications from electronics, optics, and reinforment of composites to biochemical sensing devices and antimicrobial agents. [1] [2] [3] In aqueous solution, CNTs bundle strongly together by hydrophobicity. Yet, realizing their extraordinary properties for the applications often requires dispersions of pure and well-isolated
CNTs. Such CNT dispersion in aqueous environment can be achieved by covalent hydrophilic or non-covalent amphiphilic functionalization, see, e.g., Refs. [4] [5] [6] Non-covalent functionalization, e.g., polymers, surfactants, and lipids, is often preferred as it maintains the individual CNT structure, and properties intact. In general, in non-covalent functionalization of CNTs, the hydrophobic interactions between the solvating molecule and the graphitic surface induce adsorption, while the hydrophilic sections provide effective repulsion against rebundling which stabilizes the aqueous dispersion. 7, 8 For polymers, this repulsion rises dominantly from steric interactions but for small amphiphiles, the topic is more complicated with Coulombic repulsion (for ionic species) and hydration contributing to the barrier. In fact, the resulting CNT solubility has been reported to be dispersing surfactant species dependent (for reviews, see Refs. 6,7 ) but also heavily dependent on surfactant concentration 9, 10 and CNT diameter, with narrow CNTs more easily stabilized than wider ones. 11, 12 In particular, Clark et al. have studied multi-walled CNT dispersion by several ionic and non-ionic surfactants reporting surfactant concentration dependent solubility with the solubility reaching a saturation level at high enough, surfactant dependent concentration. 9 In Ref. 10 surfactant concentrations for dispersion of CNTs are optimized.
In addition, a number of experimental studies have addressed surfactant and lipid adsorption and morphologies on graphite [13] [14] [15] and CNTs [16] [17] [18] [19] in aqueous environment. For planar graphite, calorimetric studies by Király et al. show anionic sodium n-decyl sulfate 3 forms at low concentrations a flat, monomolecular layer ordered on the graphite surface.
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At higher concentrations, the ordered monolayer guides the formation of hemimicellar aggregates. 13 For nonionic surfactants, the calorimetric studies by Király and Findenegg 14 on planar graphite and the AFM study of SDS on graphite oxide by Glover et al. 15 suggest also hemi-cylidrical aggregates. On the other hand, on multi-walled CNTs, single-tailed ionic surfactants have been reported to form helical striations. 16, 17 Also on multi-walled CNTs,
Richard et al. speculated that the various helical striations they observed SDS to produce follow the underlying carbon network. 16 Furthermore, single-tailed lipids, such as lysophosphadidylcholine (LPC) and lysophosphatidylglycerol have been also found to form striations on CNTs.
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Although the experimental works show both the adsorption morphologies and the solubility are surfactant, surfactant concentration, and substrate curvature dependent, the specific relation of the adsorption morphology to surface curvature (particle size) and the resulting solubility efficiency remain challenging to probe experimentally because of the aqueous environment and the soft, non-crystalline, and dynamic aggregates. On the other hand, computer simulations allow detailed probing of the aggregates and their dynamics at these aqueous interfaces. Thereby, various simulational studies of both single-20 and double-tailed lipids, 21, 22 as well as, surfactants [23] [24] [25] [26] [27] [28] on CNT and graphitic surfaces in aqueous environment have been carried out in atomistic detail. More coarse-grained molecular modelling studies for both single tailed LPC 29 and its double tailed equivalent dipalmitoylphosphadidylcholine (DPPC) [29] [30] [31] [32] exist. Additionally, surfactant self-assembly on CNTs has been studied on the dissipative particle dynamics (DPD) level, which omits the specific chemical detail of the molecules, see e.g. Refs.
33-35
The main focus in the prior simulational studies has been on characterizing the adsorbed structures and dynamics based on surfactant type with Refs. 29, 32 presenting compherensive studies on LPC and DPPC and Ref. 36 studying adsorption as a function of induced membrane curvature. However to our knowledge, the role of curvature is addressed only by the atomistic 4 simulations studies by Tummala et al. for ionic SDS 23, 37 and flavin mononucleotide (FMN), 25 and Suttipong et al. for SDS 38 and SDBS, 24 as well as, the theoretical level examinations and lattice Monte Carlo simulations by Tian et al. 39 The current work assesses the role of both substrate-and dispersing lipid curvatures on adsorption behavior and interactions on molecular level, as well as, takes the examination to the level of dispersion efficiency.
Here, we examine the effect of substrate and solvating molecule curvature on amphiphile adsorption and aggregate morphologies, as well as, the resulting aqueous dispersion efficiency by molecular simulations. In particular, we study phospholipid interactions at planar graphite and curved CNT surfaces. Zwitterionic phospholipids are chosen as the model system as lipids have been used for efficient CNT dispersion in, e.g., Refs. 12, 18, 19, 40, 41 The two lipids studied here, DPPC and LPC, differ only in the number of hydrocarbon tails.
In aqueous solution, they form planar bilayers (DPPC) or spherical micelles (LPC) due to their shape (molecular spontaneous curvature). This allows us to study systematically the effect of molecular and substrate curvature in amphiphile adsorption and the resulting CNT dispersion.
Methods

Atomistic simulations
Parameters for the all-atom description of the DPPC were taken directly from the CHARMM36 lipid force field. 42 LPC was constructed from DPPC by replacing the sn-2 lipid tail with a hydroxyl (OH) group. The OH group parameters are those of CHARMM27 phosphoglycerol residue. 43 The OH partial charges were re-scaled to q O = 0.66e and q H = 0.50e to match the CHARMM36 partial charge modifications, where the dipole moment of the lipid carbonyl group was increased compared to CHARMM27. Carbon atoms in graphene and CNTs were modelled with the atom type CA using 0.142 nm as the carbon-carbon bond length. To maintain also the largest CNTs in form, the improper dihedral harmonic potentials between the CA atoms were given an artificially high force constant of 1500 kJ mol Long-range electrostatic interactions in the atomistic simulations were calculated using the PME method, 46 with a sixth-order smoothing spline. A real space cut-off of 1.2 nm was employed while the simulation package was allowed to determine the optimal grid spacing in the reciprocal space. Lennard-Jones potentials were smoothly shifted to zero between 0.8 nm and 1.2 nm. No long range dispersion correction was applied. Bonds involving hydrogen were constrained using the LINCS algorithm. 47 Equations of motion were integrated with the leap-frog algorithm using a time step of 2 fs. Similar simulation parameters have been recommended to be used with the CHARMM36 force-field and GROMACS by Piggot et al. 45 The stochastic velocity rescaling thermostat of Bussi et al. 48 was used with reference temperature of 325 K and a relaxation time constant of 0.5 ps. Water, lipids, and the carbon substrate were coupled separately to the heat bath. Pressure was kept constant using a semiisotropic Parinello-Rahman barostat 49 with a time constant of 4.0 ps. In the simulations, the center of mass motion was removed separately for the graphite surface/CNT and the aqueous solution including the lipids.
Coarse-grained simulations
The MARTINI force-field used in the study for the coarse-grained (CG) simulations is origi- 59, 60 In the MARTINI model, the molecule is described by specific interaction centers: on average one interaction center describes four non-hydrogen atoms. Such coarse-graining of the interactions allows us to study larger systems and longer 6 timescales with the same computational effort than in full atomistic detail. This enables studying lipid-CNT complex at higher concentrations where the lipid aggregate relaxation times are prohibitative of the use of full atomistic detail model. The speed-up is mainly due to the CG approach smoothing out the interaction potential enabling the use of a longer time-step. Additionally, due to the smoothing of the interaction potential, the CG simulation time corresponds to a significantly longer actual time. For MARTINI, a factor of 4 based on, e.g., diffusion rates is typically used in converting the simulation time to real time.
51,61
In this work we have not converted the simulation times.
The CG CNT models were coarse-grained as described previously. 62 This model uses 3-to-1 mapping with a CG bead-to-bead distance of 2.84Å (the atomistic carbon-carbon separation is 1.42Å ) and preserves chirality and symmetries of the atomistic detail CNT.
Due to the large curvature frustrations in the thinnest CG tubes, the CG CNT bead distances are constrained by the LINCS algorithm. 47 For CG water and lipids, standard MARTINI water and DPPC and LPC lipid models beads were used, see Figure 1 . The CNT interaction model and the force constants of the CNT beads are described in Ref. 
Simulation configuration details and preparation
The details of all simulated systems are summarized in to each other in the box. We also note that the 90
• angle is the theoretically optimal angle for calculating the free energies between two repulsive cylinders as it gives the minimal (point-like) contact area and eliminates torque regardless of the cylinder length. A total of 100 sampling windows was generated at 0.1 nm intervals by pulling the CNTs together with constant rate of 0.6 nm ns −1 . The sampling windows configurations corresponding to intertube distances of less than 7.5 nm were employed for the umbrella sampling simulations (a total of 75 configurations). The distance restraints were applied by using a force constant of 3000 kJ mol −1 nm −2 for the harmonic umbrella potential and the force acting on the constraint was recorded every 2 ps. Each umbrella window was simulated for 100 ns of which the first 40 ns was disregarded in the analysis. The bias potentials from the umbrella windows were removed with the weighted histogram analysis method (WHAM). 64, 65 The simulated potentials of mean force contain statistical uncertainty due to restrictions in the extent of sampling. 
Results
In the simulations, the lipids readily absorb to all graphitic surfaces due to the hydrophobic effect, i.e., the surface tension difference between the substrate and water is greater than that of water and the lipid tails. While some lipids adsorb directly, most form small aggregates which then adsorb. This is expected based on the critical micelle concentrations (CMC) which are 0.46 nM for DPPC and 0.4 µM for LPC.
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The simulation snapshots of Figure 2 shows lipid tails pack tightly parallel or antiparallel to each other forming a flat monolayer of patches on the planar graphene substrate. This results from the very strong lipid tail-tail adhesion. The patches appear to have preferential orientation directions: the lipids orient along the lattice principal axes on planar graphene, see Figure 3 showing tail orientation distributions. The preferential orientation rises from optimization of the alkane tail-substrate contacts. 67 The orientation propensity naturally scales with the alkane chain lenght, so the double-tailed DPPC has a stronger preference to the graphene principal axes directions than the LPC. The orientation preference is relatively weak compared to thermal energy 67 and arises mostly as a collective crowding effect, as indicated by LPC populating also the unfavorable orientations.
Cylindrical CNTs have a finite curvature along the radial and zero curvature on the axial direction. This means the total curvature observed by a lipid depends on its tilt-angle.
Therefore, strong adhesion to a CNT induces a bending force on the alkyl chains. This is shown as kinks (or gauche defects) on the acyl chain, enabling the acyl chains to follow the substrate curvature. Figures 2 and 3 show the lipid orientation along the CNT axis. The axial preference is strongest for lipids on the thinnest CNTs. This is because thin CNTs have the highest curvature and so induce strongest bending. This indicates the energy involved in introducing gauche defects which would enable the acyl chains to follow the curvature is greater than the energy gain in following the graphene symmetry orientations, or satisfying other favorable intramolecular interactions, and axial orientation where the chains can remain straight while shielding the substrate and themselves dominates. The overall cost of bending increases with increasing curvature making the axial orientation preference stronger for the thin tubes. As before, DPPC has stronger axial orientation than LPC due to its two tails.
Even though the gauche defects are costly, and high CNT curvature clearly promotes axial lipid orientation, the number of gauche defects increases significantly with increasing substrate curvature, see Figure 4 . The data in Figure 4 shows especially the (10, 0) CNT as a substrate promotes a significant increase to the number of gauche defects in comparison to planar substrate where the lipids are practically frozen; the presence of the substrate reduces the kink probability significantly from bulk aqueous solution due to reduction of degrees of freedom. Figure 4 also reveals the gauche defects are more probable at both tail ends. This is because the atoms at the tail ends are more susceptible to thermal motion.
The increased gauche defect probability near the lipid ester groups is due to the asymmetric glycerol backbone conformation and lipid head group tilting away from surface. Additionally, the gauche defect probability along the hydrocarbon chain has a zig-zagging form. This results from the chain symmetry, and has been previously reported for, e.g., SDS in bulk and at interfaces.
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Furthermore, the lipid head group interactions influence the lipid packing on the substrate. Simulations of HD isolate this effect as they represent just the tail interactions with the substrate. Comparison of HD and the lipid data in Figure 2 shows the lipid head group interactions favor a charge-charge connected head group packing morphology. Upon decreasing curvature, ring-like bands around the CNTs transition into helical wrapping as a result from the interplay between CNT axial orientation preference, tail bending penalty, and head group-head group interactions, see Figure 2 and the highlights. In comparison, HD packs as rings and tightly packed patches (data not shown). At high curvatures, this tight patchy packing occurs even at the cost of extra gauche defects, see Figure 4 ; if HD were to wrap around the CNT in helices, the helical wrapping would be induced by graphene axial directions preference but the fact that the helical wrapping is lost for HD signifies a) the lipid head groups cause the helical wrapping b) the head group interactions can act to stabilize a packing morphology. Additionally, Figure 4 show a comparable amount of dis- • angle tend to gather into small clusters. This behaviour seems to be at least partially driven by the dipole interaction between the tail ester groups and the ionic bonding between phosphate and choline groups. Furthermore, in clusters containing multiple lipids, the oppositely charged ionic groups in neighbouring lipids form short chains. Indeed, computational studies of PC membranes indicate that similar charge-paired strips are present also in bilayer morphology. 69, 70 The effect is more pronounced here than in bilayers because the lipids are frozen and packed in a specific order. In contrast, the charge-paired strips in fluid bilayers can occur in any direction with lipids also intermixing due to diffusion. 
Higher concentrations
The monolayer coverage represents either the morphology at extremely low concentration limit or the transient initial layer of lipid coating at higher concentrations. To understand the behavior of lipid-CNT complexes closer to saturated coverage conditions, we also per- • were counted as trans-bonds, i.e., gauche defects.
formed CG simulations under conditions that enable saturation of the adsorption. Figure   5 presents the time evolution of the number of adsorbed lipids. Analogous to the atomistic simulations, LPC and DPPC self-assemble first rapidly into micelles and bicelles in the aqueous phase resulting in stepwise increase in adsorption as these micelles and bicelles adsorb on the CNT. In 4µs, the adsorption amount saturates and no further evolution of the adsorbed morphologies is observed. Figure 6 In these packings, the graphite symmetry directions, the CNT axis orientation, and lipid tail bending have less importance than with the monolayer coverages. As it is energetically favorable to shield both the CNT and the lipid tails from water, the lipids typically pack into morphologies that engulf the whole CNT inside the hydrophobic core. Here, the spontaneous curvature (shape) of the adsorbed lipid molecules becomes the dominating factor in determining the resulting packing morphology. In shielding both the lipid tails and the CNT from water, the lipid packing needs to follow the substrate curvature, yet the lipids want to also preserve the shape of their equilibrium aggregate. The equilibrium coating is a result of these two competing interactions. Further examination of the morphologies in Figure 6 reveals the tilt angle of the LPC spiral becomes more parallel to the CNT axis as the CNT gets thinner. One reason for this is the more axial orientation of the first (mono)layer of lipids, see Figure 2 . On the other hand, the spiral LPC coating is a helical hemicylinder which can be approximated with two principal curvature radii, one along the hemicylinder and other being the helix curvature.
Let us now assume that the spontaneus curvature of LPC, J LPC = Additionally, Figure 6 shows the spiral formation is more complete on the (18, 0) CNT than on the (10, 0) CNT. This is because the thin CNT fits partially inside the LPC micelle hydrophobic core which deforms the helix form from the hemicylinder. For an even thinner tube, we would expect micellar engulfment. For example, related works on PEGylated lipids 62, 72 and block-copolymers 35 show CNTs can be engulfed by polymeric micelles. 
Dispersion efficiency
Carbon nanotube bundling in aqueous environment stems from the cumulative effect of both van der Waals attraction between CNTs and the entropic cost of solvating hydrophobic At left, the mean curvature of a helix is visualized by presenting the osculating circle (radius R LPC ) of the helix. The helix mean curvature is constant at all points along the contour so the osculating circle forms a uniform circle. At right, illustration of this helix wrapping on two cylinders of radii R > R . By assuming same mean curvature for both helical aggregates, the helix tilt angle α increases with decreasing cylinder radius, α < α to compensate the curvature increase along the cylinder circumference. The radii of the cylinders correspond to those of the CNT-lipid aggregates. The repulsion is induced by the surfactant head groups: with zwitterionic lipids the important contribution comes from entropy and water interactions of the head group.
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Unfortunately, the free energy calculations required for estimation of the dispersive efficiency of a surfactant coating are prohibitatively costly for these systems in full atomistic detail. In CG detail, we obtain complete free energy landscape mapping as a function of the CNT separation to get an estimate for the barrier against reaggregation. However, the CG description lacks in degrees of freedom affecting especially the entropic contributions of water behavior, making a free-energy decomposition unreliable. Therefore, we analyze the water behavior around the lipid head groups also in atomistic detail. Finally, the head group density and the head group positioning are related with the hydration data and the resulting dispersion efficiency. Table 2 shows lipid hydration in the all-atom simulations is largely curvature independent with only a slight increase with curvature. The two lipids have little difference in water bound per head group, and the differences in water bound per area rise from the head group density.
As an LPC molecule takes less space than a DPPC molecule, LPC binds 30 − 40 % more water than DPPC in this monolayer morphology. Also the small systematic increase of hydration with curvature can be explained by steric considerations: the head groups rising from the substrate are surrounded by more water if the substrate is curved. This reflects as increased hydration. However, the influence is much smaller than that resulting from the higher density of the LPC head groups. Here, the head group hydration is quantified by calculating the number of water molecules in the first hydration shell of the choline nitrogen (within 5.5Å of the nitrogen). In calculating the area normalizations, 0.3 nm is added to the radius of the CNT to account for the excluded volume effect, see Ref.
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Besides the number of water molecules involved in the head group hydration, hydrogen bonds with water influence the water binding strength and hydrogen bonds between the surfactants can influence their adsorption morphology. For both DPPC and LPC, the head group phosphate group forms hydrogen bonds with water. LPC has additional hydrogen bonding capacity through its OH group. Table 2 shows the hydrogen bonds corresponding to the phosphate group behave analogous to head group choline hydration: increasing substrate curvature slightly increases the number of hydrogen bonds formed but the major difference comes from LPC having a larger head group packing density. Analogous to difference in hydration, LPC phosphate forms more hydrogen bonds per area covered than DPPC due to the higher packing density. Table 3 shows the hydrogen bonds of the LPC OH group are mostly with water, again with curvature increasing the number of bonds with water. However, the OH groups also bind the adsorbed lipids together by an interconnected hydrogen bond network; the LPC heads form chain-like morphologies in Figure 2 because of the extra OH-hydrogen bonding capability. This reinforces the formation of helices as the helix morphology allows most LPC-LPC inter-lipid OH-phosphate hydrogen bonds. The chain-like lipid binding is more probable for the less curved substrates. This is due to higher curvature increasing water access, and hydrogen bonds with water replacing the ones between lipid head groups. In total, the OH group, and the hydrogen bond provided by it, contributes extra stability to LPC packing morphologies in comparison to DPPC.
In total, the atomistic hydration and hydrogen bond formation results show both lipids bind water similarly, and the essential difference in total water binding and the resulting coating induced repulsion, comes from the head group density in the packing morphology.
If the coating induced repulsion is effective at a larger CNT separation, it overlaps less with the van der Waals attraction and a more modest repulsion due to a coating is sufficient for dispersion. Therefore, in addition to the density, also the head group extension from the substrate is a factor in determining the dispersive efficiency. Figure 8 shows the lipid head groups rise off the CNT surface even at a sub-monolayer coverage. The first peak (at ∼ 0.43 nm) corresponds to substrate contact and the second peak (at ∼ 0.96 nm)
to the heads rising from the substrate to the water. The portion of lipid heads rising to water increases with increasing substrate curvature. As expected, the close to saturated coverages where spiral micelles (LPC) or tubular coating (DPPC) form set the head groups significantly further from the surface. The LPC spirals, see Figure 6 , correspond to a much wider distribution between 0.5 nm and 3 nm but the DPPC heads form a more localized peak around 2.3 nm.
Estimating the dispersive effectiveness of the coatings is difficult based on the distributions solely. Therefore, Figure 9 shows the free energy of the two fully coated CNTs crossing at 90
• angle as a function of intertube distance calculated with the CG model. The van der Waals attraction between CNTs in water depends on the CNT separation and angle at which the CNTs cross. Assuming the coating is uniform, the 90
• angle corresponds to the minimum barrier for reaggregation. The free energy calculation reveals the LPC spiral coating provides a 10 kJ/mol barrier and the DPPC cylindrical coating a 76 kJ/mol barrier.
We note the contact repulsion dip in Figure 9 at close-ranges in the free energy potential is an artefact resulting from configurations where a single layer of lipids would fit in-between the CNTs; the lipids freeze upon contact at the employed umbrella sampling time scale.
Why is the DPPC dispersion barrier higher here than the LPC barrier? As noted before, the dispersion barrier of lipid-coated CNTs depends on the hydrophobic attraction between the CNTs, lipid coating density, extension, and hydration. Whereas the CNT hydrophobic attraction is equal for similar CNTs, Figure 10 shows the DPPC coating provides a significantly higher lipid density around the CNT (2.24 DPPC versus 1.61 LPC molecules per nm 2 , calculated from the data of Figure 5 ) and the lipids extend further from the CNT, see 
Discussion
Here, we investigated the effect of substrate and surfactant curvature on non-ionic surfactant self-assembly at hydrophobic substrate -water interface by molecular simulations. Choosing a model system of two lipids differing in their number of hydrophobic tails but sharing the head group chemistry enables us to assess the influence of surfactant shape on the adsorption morphology. Simulations of the adsorption morphology at different surfactant concentrations and on substrates with varying curvature enable us to isolate the morphology changes to an interplay of competing interactions. Furthermore, we related the findings to dispersion efficiency by free energy calculations, and assessed the relation of the hydration behavior and the adsorbed structure.
We found that both LPC and DPPC form an ordered monolayer on planar graphite and this monolayer orients along the graphite symmetry directions. On curved substrates, LPC forms helical striations at submonolayer coverage. At increasing LPC concentrations, the morphology changes into helical micellar striations which continuosly wrap around the CNT. DPPC, however, prefers in our simulations oriented patches that wrap around the CNTs forming a continuous coverage at submonolayer adsorption. For higher concentrations, the initial monolayer orientation is forfeited and the lipids adopt a tubular micelle form centered around the CNT axis. In total, we found the lipid packing is dictated by the penalty involved in exposing the hydrophobic graphite/CNT substrate or lipid tails to water. For curved substrate such as CNTs, the hydrophobic binding interaction between the lipid tail and the substrate is reduced with increasing curvature. The balance change between hydrophobic binding and curvature-sensing interactions is the main factor inducing morphology changes as the lipids compete with axial and radial packing preferences. For example, the prevalence of the CNT axial orientation and helical vs. ringlike lipid morphologies depend on the magnitude of substrate-tail binding energy compared to tail-tail cohesion and tail bending which are less sensitive to substrate curvature. Head group chemistry, interlipid hydrogen bonds, and charge-charge interactions between lipid head groups provide an additional contributing factor which can both stabilize or destabilize a morphology. Furthermore, increasing substrate curvature requires the lipid tails to bend in order to obtain complete coverage (reduce hydrophobic exposure). These tail bending defects compete with the binding of the adsorbed layer resulting in a more dynamic adsorption morphology.
Our observations of an ordered surfactant monolayer on graphite following the graphite axial directions are consistent with calorimetric studies of Refs. 
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First, we examined the submonolayer coverages, and reported that both head group hydration and lipid-water hydrogen bond number increase slightly with substrate curvature.
We note classical water models differ in their hydration prediction, see e.g. 
Conclusions
In conclusion, we find lipids efficiently cover and disperse nanoscale hydrophobic objects of a variety of local curvatures in water solutions. The dispersion efficiency effectively depends on the head-group density and their extension from the hydrophobic substrate making the adsorption morphology highly important in controlling dispersion. In summary of the submonolayer coverage examinations, we find the adsorption morphology at submonolayer coverages on curved graphitic substrates is dictated by four competing interactions. These are preferences to 1) maximize lipid tail -substrate interaction area and lipid tail -lipid tail interaction area, 2) orient the hydrocarbon tails along the graphite lattice principal axes, yet
3) minimize hydrocarbon tail bends (gauche defects), and 4) optimize the lipid head group packing interactions. In total, the packing morphologies arise from these interactions with the molecular specifics of the adsorbed species and substrate curvature dictating the balance.
For higher lipid coverages, where lipid self-adhesion and collective effects become dominant, we find the lipid shape and geometrical considerations dictate the packing -the packing morphologies can be understood in terms of curvature arguments, and shielding the lipid tails and the hydrophobic substrate from water with the aforementioned four contributions as co-contributors.
The work shows curvature of both the substrate and the adsorbing amphiphilic molecule is an important factor in determining adsorption morphologies on hydrophobic substrates in aqueous environment. Furthermore, we reported how the resulting coating morphology relates with resulting aqueous dispersion efficiency, and discussed the control factors. In terms of engineering dispersive and protective coatings, the findings could provide directions toward designing coatings with general size or object form dependent function especially in terms of aqueous solubility.
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